The measurement of engine emissions is important for their
The detection of each type of gas involves its own challenges in the fields of materials science and fabrication technology.
Of particular importance is sensor sensitivity, selectivity, and stability in long-term, high temperature operation. An overview is presented of each sensor type with an evaluation of its stage of development.
It is concluded that this technology has significant potential for use in engine applications but further development is necessary.
INTRODUCTION
The control of emissions from aircraft engines is an important component of the development of the next generation of these engines. The ability to monitor the type and quantity of emissions being generated by an engine is an important step in not only controlling those emissions but also in determining the status of the engine.
Ideally, an array of sensors placed in the emissions stream close to the engine could provide information on the gases being emitted by the engine. However, there are very few sensors available commercially which are able to measure the components of the emissions of an engine in-situ. The harsh conditions and high temperatures inherent near the reaction chamber of the engine render most sensors inoperable.
A notable exception to this limitation in sensor technology is the commercially available oxygen sensor presently in use in automobile engines (Logothetis, 1991) . This sensor, which is based on the changes in the properties of zirconium dioxide (ZrO2) upon reaction with oxygen, has been instrumental in decreasing automotive engine emissions.
However Combined with other material properties, such as its superior mechanical toughness and high thermal conductivity, SiC is an excellent material for use in a wide range of harsh environments.
In emission sensing applications, gas sensitive electronic structures such as Schottky diodes (Chen, 1996a , Hunter, 1995 , or capacitors (Baranzahi, 1995a , Baranzahi 1995b , Baranzahi, 1995c The sensor is connected to an IC connector in the chamber which is in the flowing stream of the gas. The Si-based sensors with temperature detector and heater are tested in this type of chamber.
The second chamber is designed for testing unmounted thin films or transistor chips at a range of sample temperatures. The sample is placed on a heated stage and tested by means of a probing station with tungsten probes.
The SiC-based devices are tested in this chamber.
HYDROGEN AND HYDROCARBON DETECTION
The development of high temperature hydrogen and hydrocarbon sensors has centered on the development of a stable SiC-based Schottky diode.
A Schottky diode is composed of a metal in contact with a semiconductor (MS) or a metal in contact with a very thin insulator on a semiconductor (MIS). For gas sensing applications, the metal is often a catalytic film.
The advantage of a Schottky diode sensing structure in gas sensing applications is its high sensitivity. This is especially useful in emission measuring applications where the concentrations to be measured are low. The detection mechanism for hydrogen involves the dissociation of hydrogen on the surface of a catalytic metal.
The hydrogen migrates to the interface of the metal and the insulator, or the metal and the semiconductor, forming a dipole layer. This dipole layer affects the barrier height of the diode resulting in an exponential change in the current or a quadratic change in the capacitance. The magnitude of this effect can be correlated with the amount of hydrogen and other gas species (especially oxygen) present in the surrounding ambient atmosphere.
The detection of gases such as hydrocarbons is made possible if the sensor is operated at a high enough temperature to dissociate the hydrocarbon and produce hydrogen. The resulting hydrogen affects the sensor output in the same way as molecular hydrogen (Baranzahi, 1995a ,Chen 1996a , Hunter, 1995 , Lundstrom, 1989 The details of this work are reviewed elsewhere (Chen, 1996a) . In this section we will briefly discuss four major properties of the sensor' s behavior.
First, the Pd/SiC Schottky diode detects hydrogen and hydrocarbons in both inert and oxygen-containing environments. This is illustrated
in Fig. 2 which shows the capacitive response of the diode at zero bias voltage to hydrogen and hydrocarbons at 400°C. The diode is first exposed to air for 10 minutes, nitrogen for 40 minutes, followed by 300 ppm of hydrogen in nitrogen (N2/H2) for 40 minutes and then 10 minutes of nitrogen and 10 minutes of air. The second and the third cycles are the same as the first except that the 300 ppm of hydrogen is replaced by 300 ppm propylene in nitrogen (N2/C3H6) , and then 300 ppm of propylene in nitrogen and 1% oxygen (NJC3H6102) respectively.
The sensor responds strongly to all three gas mixtures with the signal decreasing as the mixture is changed from The sensor is exposed to air for 20 minutes, N 2 for 20 minutes, 360 ppm of propylene, ethylene, or methane in N 2 for 20 minutes, N 2 for 10 minutes, and then 10 minutes of air. There are two points to note in Fig. 3 . First, the change in the forward current upon exposure to propylene and ethylene is very large: more than a factor of 1000. This demonstrates the high sensitivity of the diode operated in the forward current mode. Second, the sensor response to propylene is just slightly larger than that of ethylene. In contrast, the sensor response to methane is significantly different from that of propylene and ethylene: a short term increase in the current followed by a decrease back toward baseline. Thus, the sensor response depends not only on the hydrocarbon but also on the class of hydrocarbon.
Third, the sensor response is affected by high temperature heating. Prolonged heating at 425°C has been shown to change the sensor properties and to decrease sensor sensitivity (Chen, 1996b). Nonetheless, even after heating at 425°C in air for 140 hours, the Pd/SiC Schottky diode is still very sensitive to the presence of hydrogen:
a factor of 1000 change in forward current is observed upon exposure to 1000 ppm hydrogen in He. The reason for this change in diode properties is likely due to reactions between the Pd and SiC at the interface upon heating. Attempts to stabilize this interface are continuing.
Fourth, the Pd/SiC sensor response is also significantly affected by sensor packaging.
Possible causes for this decrease in sensitivity upon packaging include: 1) The diode surface area in the packaged diodes is usually larger than that of diodes examined in the probe station.
The presence of micropipes (Neudeck, 1995) in the SiC might dominate the current flow in a packaged sensor and decrease the effect on the sensor of changes in Pd work function.
2) Processing the sensor for packaging may influence diode properties crucial to the sensors sensitivity.
The stability of the sensor sensitivity after packaging is an area of continuing investigation. The second approach to NO x detection is to use a microfabicated and micromachined
NITROGEN OXIDE (NOx) DETECTION
Si-based structure.
In contrast to the SiC-based approach where the SiC is used as a semiconductor, the Si in this approach is not an integrated part of the electrical sensing circuit. Rather, the Si is used as a platform on which the structure necessary for the sensor is fabricated.
This sensor structure, shown in Fig. 4 (Chang, 1979 , Sberveglieri, 1990 . Changes in conductivity of doped SnO 2 across the interdigitated electrodes is measured and correlated to NOx concentration. Several prototypes of these devices have been fabricated and evaluated. Figure  5 shows the response to 150 ppm NO of an undoped tin-oxide based sensor of the design in Fig. 4 . The sensor is first exposed to nitrogen plus 10% oxygen (02) followed by 150 ppm NO in nitrogen plus 10% 02 at time t=600 sec, then nitrogen plus 10% 02 at t--1200 sec. The sensor response at 235°C is large, rapid, and relatively constant during the NO exposure. Other tests have shown that the response is dependent on the temperature and the gas ambient especially the 02 concentration. A major component of this development work is to stabilize the SnO 2 for long-term, high temperature operation. Drift in the properties of SnO 2 with long term heating due to grain boundary annealing have been previously noted (Ogawa, 1988 , Xu, 1991 . This drift results in changes in the sensor output with time and reduces sensor sensitivity.
In order to stabilize the SnO z structure for long term operation, attempts to fabricate nanocrystalline SnO 2 are under way. Nanocrystalline materials have several inherent advantages over conventionally fabricated materials including increased stability at high temperature (Vogel, 1994 , Yoo, 1995 . Further sensor development will include the deposition of nanocrystalline SnO2 on the sensor structure of Fig. 4 .
OXYGEN DETECTION
The development of a microfabricated 02 sensor has been initiated for safety purposes in aerospace applications but, as demonstrated in the automotive emissions control example, significant applications exist in the area of aeronautics emission control.
Commercially available 02 sensors are typically electrochemical cells using zirconium dioxide (ZrO2) as a solid electrolyte and Pt as the anode and cathode. The anode is exposed to a reference gas (usually air) while the cathode is exposed to the gas t_o be detected. Zirconium dioxide becomes an ionic conductor of O-at temperatures of 600°C and above. This property of Z_O 2 to ionicalty conduct 02 means that the electrochemical potential of the cell can be used to measure the ambient oxygen concentration at high temperatures.
However, operation of these commercially available sensors in this potentiometric mode limits the range of oxygen detection.
Further, the current manufacturing procedure of this sensor, using sintered ZrO 2, is relatively labor intensive and costly resulting in a sensor with a power consumption on the order of several watts. 
